Correct cyst morphogenesis of epithelial cells requires apical-basal polarization, which is partly regulated by mitotic spindle orientation, a process dependent on the heterotrimeric G protein subunit Gai and its binding protein LGN. Here, we show that in three-dimensional culture of mammalian epithelial Madin-Darby canine kidney (MDCK) cells, the Gai-activating protein Ric-8A is crucial for orientation of the mitotic spindle and formation of normal cysts that comprise a single layer of polarized cells with their apical surfaces lining an inner lumen. Consistent with the involvement of LGN, cystogenesis can be well organized by ADP-ribosylated Gai, retaining the ability to interact with LGN, but not by the interaction-defective mutant protein Gai2 (N150I). In monolayer culture of MDCK cells, functional tight junction (TJ) assembly, a process associated with epithelial cell polarization, is significantly delayed in Ric-8A-depleted cells as well as in Gai-depleted cells in a mitosis-independent manner. Ric-8A knockdown results in a delayed cortical delivery of Gai and the apical membrane protein gp135, and an increased formation of intercellular lumens surrounded by membranes rich in Gai3 and gp135. TJ development also involves LGN and its related protein AGS3. Thus, Ric-8A regulates mammalian epithelial cell polarity for TJ assembly and cystogenesis probably in concert with Gai and LGN/AGS3.
Introduction
Epithelial cells require apical-basal polarity to perform crucial vectorial transport functions and to generate correct cell progenies for tissue morphogenesis Rodriguez-Boulan & Macara 2014; Overeem et al. 2015) . In polarized epithelial cells, the plasma membrane is asymmetrically organized into apical and basolateral domains: The apical membrane faces a lumen or free surface, and the basolateral membrane contacts adjacent cells or extracellular matrix (ECM) on the lateral or basal side, respectively. In mammalian epithelial cells, the apical and basolateral membranes are separated by tight junctions (TJs), which control diffusion both within the plasma membrane and between adjacent cells as dynamic barrier (Zihni et al. 2016) . The establishment of TJs is intimately linked to apical-basal cell polarity, which comprises a multistep process that is guided and regulated by an array of distinct signaling mechanisms. For instance, polarity proteins required for signaling in TJ assembly and apical domain development include atypical protein kinase C (aPKC) complexed with the adaptor proteins Par6 and Par3, and small GTPases such as Cdc42 (Bryant & Mostov 2008; St Johnston & Ahringer 2010; Hayase et al. 2013; Rodriguez-Boulan & Macara 2014; Zihni et al. 2016) .
Assembly of TJs, a hallmark of epithelial cell polarization, is commonly investigated in experiments that involve changing Ca 2+ concentrations in culture media, that is, a Ca 2+ switch assay. In a two-dimensional (2D) culture system, confluent monolayers of mammalian epithelial cells such as Madin-Darby canine kidney (MDCK) cells are incubated in a low Ca 2+ medium (at less than 5 lM), which results in both disruption of cell-cell contacts and conversion to depolarized cells that lack TJs and polarized surface domains. Subsequent switch to a Ca 2+ -rich medium (approximately 2 mM) rapidly induces synchronous re-establishment of intercellular contacts via the Ca 2+ -dependent adhesion proteins such as E-cadherin, leading to TJ assembly and epithelial cell polarization. For the study of epithelial polarity, an alternative to 2D culture involves growing epithelial cells embedded in an isotropic three-dimensional (3D) ECM, which allows many features of in vivo epithelial architecture, such as lumen formation, to be recapitulated. When MDCK cells are grown in a laminin-rich Matrigel, they develop spheroid structures with a solitary lumen, referred to as cysts, which comprise a single layer of polarized epithelial cells with their apical surfaces lining an inner lumen and their basolateral surfaces in contact with the ECM (Datta et al. 2011) .
Apical lumen positioning during epithelial cystogenesis is controlled by the orientation of cell division (Jaffe et al. 2008; Zheng et al. 2010) . Normally, monolayer epithelial cells orient the mitotic spindle and cell division perpendicular to the apical-basal axis, and thus generate daughter cells, both aligning their apical-basal axis toward the central lumen. Hence, misorientation of the mitotic spindle prevents the development of a solitary apical lumen, leading to the formation of cysts with multiple lumens in the 3D culture system (Jaffe et al. 2008; Zheng et al. 2010) . Regulation of mitotic spindle orientation involves the adaptor protein LGN, comprising the TPR domain for the microtubule-organizing protein NuMA and four copies of GoLoco motifs (a.k.a. GPR motif), each capable of binding to the heterotrimeric G protein subunit Gai in the GDP-bound form (Willard et al. 2004; Sato et al. 2006) . During metaphase, LGN forms a ternary complex with Gai-GDP and NuMA to regulate spindle orientation by anchoring astral microtubules to the lateral cell cortex. Depletion of LGN from MDCK cells and disruption of LGN binding to Gai perturb mitotic spindle orientation, resulting in the formation of cysts with multiple lumens . The multilumen phenotype is also observed in MDCK cells depleted of Gai3 (Sasaki et al. 2015) .
GDP-bound Gai (Gai-GDP) forms an inactive stable complex with Gbc in a resting state, but becomes activated by agonist-bound G proteincoupled receptors (Oldham & Hamm 2008) . The consequent nucleotide exchange on Gai leads to dissociation of the heterotrimer into Gai-GTP and Gbc, each binding to their respective downstream effectors. Signaling is terminated by the intrinsic GTPase activity of Gai, resulting in re-association of Gai-GDP with Gbc. Before the reformation of the inactive heterotrimer, Gai-GDP is also able to interact with a GoLoco motif in effector proteins specific for Gai among the four classes of Ga subunits (Gas, Gai, Gaq and Ga12) (Willard et al. 2004; Sato et al. 2006) . For example, Gbc-free, GDP-bound Gai directly binds to LGN and/or its related protein AGS3 to control directionality during chemotaxis of mammalian neutrophils . It is known that Gai-GDP can be noncanonically activated by cytosolic nonreceptor guanine nucleotide exchange factors (GEFs) such as Ric-8A (Hinrichs et al. 2012; Papasergi et al. 2015) . During asymmetric cell division of Caenorhabditis elegans zygotes and Drosophila melanogaster neuroblasts, Ric-8 (the orthologue of mammalian Ric-8A) plays an essential role in mitotic spindle orientation by mediating asymmetric cortical localization of their corresponding Gai-LGN-NuMA complex (Hinrichs et al. 2012; Papasergi et al. 2015) . In unpolarized human HeLa cells, Ric-8A regulates spindle orientation during metaphase by recruiting Gai as well as LGN and NuMA to the lateral cortex (Woodard et al. 2010) . However, the role of Ric-8A in mammalian cell polarization has remained to be elucidated.
In the present study, we show that Ric-8A participates in apical-basal polarization in MDCK cells: RNAi-mediated depletion of Ric-8A impairs both TJ development in monolayer culture and cyst formation in 3D culture. In Ric-8A-depleted cells, the mitotic spindle is misoriented during cystogenesis, leading to the multilumen phenotype; Ric-8A knockdown results in a reduced delivery of Gai and the apical membrane protein gp135 to the cell cortex and an increased formation of intercellular lumens surrounded by Gai-enriched lateral membranes in 2D culture. We also showed that Gai2 as well as Gai3 participates in TJ development and correct cystogenesis, both of which are also regulated by the Gaiinteracting proteins LGN and AGS3. Thus, Ric-8A appears to control apical-basal polarity in mammalian epithelial cells via interacting with Gai and its binding proteins.
cysts with multiple lumens (Sasaki et al. 2015) . It is known that in addition to Gai3, Gai2 is also expressed in MDCK cells (Denker et al. 1996; Saha et al. 1998) . The present immunoblot analysis confirmed the expression of both Gai2 and Gai3 proteins in MDCK cells (Fig. 1A) . To investigate the role for these Gai proteins in MDCK cystogenesis, we depleted Gai2 and/or Gai3 by RNA interference (RNAi) using their specific siRNAs (Fig. 1A) . After culture for 48 h in Matrigel, most control cells formed normal cysts with a single lumen, the surface of which was positive for the apical marker gp135 (podocalyxin) (Fig. 1B) . However, under Gai2/Gai3-depleted conditions, we observed much more numbers of the 'inverted' cyst, which contains one or more cells with an inverted polarity (i.e., with gp135 facing the ECM and the basolateral marker b-catenin facing the other side), and cysts with multiple lumens and gp135-rich vesicles/vacuoles continued to increase for 72 h (Fig. 1B-D) . These findings indicate that Gai2 also orients apico-basal polarity during cyst development. In addition, the present findings confirm the involvement of Gai3 in MDCK cystogenesis by using the Matrigel system; it has been reported that some multilumen phenotypes observed in collagen gels are corrected by laminin-rich Matrigel, which provides a stronger external cue for epithelial polarization (Mart ın-Belmonte et al. 2008). Cell lysates were subjected to SDS-PAGE using usual 10% urea-free acrylamide or 10% acrylamide containing 6 M urea (urea gel), followed by immunoblot with the indicated antibodies. (B-D) Cystogenesis of Gai2-and/or Gai3-depleted MDCK cells. Cells were grown for 48 or 72 h in 3D culture and stained as indicated. Shown are representative confocal images of cysts of Gai2/Gai3-depleted cells (B), and quantification of the cyst phenotypes of cells depleted of both Gai2 and Gai3 (C) and those of Gai2-or Gai3-depleted cells (D) . Values are means AE SD from four independent experiments: *P < 0.05; ***P < 0.001. Bar, 10 lm.
Gai functions via interacting with GoLoco motifcontaining proteins
It has been reported that depletion of LGN and over-expression of an LGN C-terminal fragment with four GoLoco motifs lead to the formation of cysts with multiple lumens in the 3D Matrigel culture of MDCK cells . This finding, together with the present observations, suggests that LGN and Gai2/Gai3 regulate cystogenesis via GoLoco motif-mediated interaction. We tested this possibility by investigating the function of Gai2 with the N150I substitution, a mutation that selectively blocks binding to GoLoco motifs (Willard et al. 2008) . As shown in Fig. 2A , exogenous expression of wild-type Gai2 slightly but significantly enhanced the formation of normal cysts with a solitary lumen. In contrast, Gai2 (N150I) did not facilitate cyst morphogenesis of MDCK cells ( Fig. 2A) , although this mutant protein as well as Gai2 (wt) localized to lateral and apical membranes ( Fig. 2A) . The finding is consistent with the idea that Gai regulates epithelial cystogenesis via interaction with GoLoco motif-containing proteins.
In addition to LGN, the mammalian genomes contain the gene for its closely related protein AGS3 with the same domain architecture: the N-terminal TPR domain for binding to NuMA and mInsc and four Gai-binding GoLoco motifs in the C-terminal region. However, it has not been tested whether AGS3 is also involved in mammalian epithelial cell polarization. The presence of AGS3 in MDCK cells was indicated by the present immunoblot analysis using the specific antibody for AGS3 and the anti-LGN/AGS3 polyclonal antibody (Fig. 2B) , the latter of which similarly recognized LGN and AGS3 (Fig. 2B) . RNAi-mediated specific depletion of AGS3 induced both inversion of cell polarity in cysts and formation of cysts with multiple lumens (Fig. 2C,D ), but to a lesser extent than that in LGNdepleted cells (Fig. 2E) . Thus, AGS3 also appears to be involved in the regulation of apical-basal polarity during epithelial cystogenesis.
ADP-ribosylated Gai retains the ability to regulate correct cystogenesis
In Drosophila neuroblasts, apico-basal polarity is blocked by cell treatment with pertussis toxin (PTX), which catalyzes the formation of ADP-ribosylated Gai (Yoshiura et al. 2012) . To know whether ADP ribosylation of Gai also affects mammalian epithelial cystogenesis, we used PTX-treated MDCK cells in the 3D culture system. For the detection of ADPribosylated Gai, the cell lysates were subjected to SDS-PAGE using acrylamide gels containing 6 M urea, in which ADP-ribosylated Gai migrates more slowly than unmodified Gai (Ribeiro-Neto & Rodbell 1989; Wise et al. 1997) . As shown in Fig. 3A , the entire population of endogenous Gai2/Gai3 was ADP-ribosylated in PTX-treated MDCK cells. Nevertheless, PTX treatment did not impair cyst morphogenesis of MDCK cells in the 3D culture system (Fig. 3B,C) , indicating that ADP-ribosylated Gai is functional in orientation of apico-basal polarity during mammalian epithelial cystogenesis. Furthermore, ADP-ribosylated Gai as well as unmodified proteins was efficiently pulled down by GST-LGN (amino acids 480-645), containing the four GoLoco motifs, and by GST fused to the RGS12 GoLoco motif (amino acids 1184-1228) (Fig. 3D) . Thus, ADP-ribosylation does not affect Gai binding to GoLoco motifs. It has also been reported that cell treatment with PTX does not alter a bioluminescence resonance energy transfer (BRET) signal by interaction of Gai1 with AGS3, suggesting that AGS3 is also capable of binding to ADP-ribosylated Gai (Oner et al. 2010) . Taken together, ADP-ribosylated Gai likely retains the ability both to regulate correct cystogenesis and to interact with GoLoco motifs, which is consistent with the idea that Gai regulates epithelial cystogenesis LGN by the indicated siRNA. Cell lysates were subjected to SDS-PAGE using usual 10% urea-free acrylamide or 10% acrylamide containing 6 M urea (urea gel), followed by immunoblot with the indicated antibodies. (C-E) Cystogenesis of MDCK cells depleted of AGS3 and/or LGN by the indicated siRNA. Cells were grown for 48 or 72 h in 3D culture and stained as indicated. Shown are representative confocal images of cysts of AGS3-and/or LGN-depleted MDCK cells (C), and quantification of the cyst phenotypes of distinct AGS3-depleted cells (D) and that of AGS3-and/or LGN-depleted cells (E). Values are means AE SD from three independent experiments: *P < 0.05; **P < 0.01; ***P < 0.001. Bar, 10 lm. 
Ric-8A is required for normal epithelial cystogenesis
In dividing HeLa cells, Gai and LGN cooperatively regulate spindle orientation during metaphase by recruiting the spindle-organizing protein NuMA to the lateral cortex (Woodard et al. 2010; Kiyomitsu & Cheeseman 2012 ; depletion of LGN from MDCK cells leads to misorientation of mitotic spindles and formation of multiluminal cysts . In addition, it has been reported that knockdown of the Gai-activating protein Ric-8A in HeLa cells decreases the cortical localization of Gai1, LGN and NuMA during metaphase and leads to spindle misorientation (Woodard et al. 2010) . However, the role of Ric-8A in mammalian cell polarization including epithelial cystogenesis has remained to be elucidated. To address this question, we transiently but specifically depleted Ric-8A from MDCK cells by siRNA transfection (Fig. 4A) , and embedded the Ric-8A-depleted cells into Matrigel to form cysts. As shown in Fig. 4B ,C, Ric-8A depletion resulted in inversion of cell polarity in cysts (48-h culture) and formation of cysts with multiple lumens (72-h culture).
In contrast to the previous report showing that Gai3 exclusively localizes to the apical membrane in collagen gels (Sasaki et al. 2015) , Gai3 was distributed to both apical and lateral membranes in MDCK cysts grown in Matrigel (Fig. 4D) . It should be noted that exogenous Gai2 ( Fig. 2A ) and endogenous Gai3 (Fig. 4D ) similarly localize to lateral and apical membranes during MDCK cystogenesis in Matrigel. The cortical localization of Gai3 appeared slightly decreased in Ric-8A-depleted cysts (Fig. 4D) . Thus, Ric-8A appears to regulate mammalian epithelial cystogenesis, possibly via cortical recruitment of Gai.
Ric-8A regulates mitotic spindle orientation during cystogenesis
To investigate the potential link between Ric-8A and mitotic spindle orientation during epithelial cystogenesis, we next tested whether spindle orientation was affected during metaphase in Ric-8A-depleted cysts. As shown by immunostaining with the anti-a-tubulin antibody (Fig. 5A) , the mitotic spindles were predominantly orthogonal to the apical-basal axis in control cysts. However, in Ric-8A-depleted cysts, Genes to Cells (2017) 22, 293-309 they were frequently tilted or parallel to the apicalbasal axis. Scatter diagrams and box-and-whisker plots of metaphase spindle angles (Fig. 5B) showed that spindle orientation during metaphase was almost randomized in Ric-8A-depleted cysts, whereas it was mainly perpendicular to the apical-basal axis in control cysts. Thus, Ric-8A controls mitotic spindle orientation during epithelial cyst morphogenesis.
Gai2 and Gai3 promote TJ development independently of mitosis
To further investigate the role of Gai and its interacting proteins Ric-8A, LGN and AGS3 in epithelial cell polarization, we assessed TJ assembly in 2D monolayer culture by measuring barrier development and TJ protein localization in a Ca 2+ switch assay. TJ assembly can be followed by measuring the transepithelial electrical resistance (TER), a functional measure of TJ integrity (Chen & Macara 2005) . As shown in Fig. 6A , the increase in TER of Gai3-depleted cells after Ca 2+ switch was significantly delayed compared with control cells, indicating the involvement of Gai3 in functional TJ formation. Intriguingly, monolayers of Gai2-depleted cells increased TER more slowly than those of Gai3-knockdown cells (Fig. 6A) . This is likely consistent with the previous observation that over-expression of Gai2 facilitates Ca 2+ -induced TER development (Saha et al. 1998) . Thus, Gai2 as well as Gai3 appears to participate in functional TJ formation. , and quantification of the cyst phenotypes (C). Values are means AE SD from three independent experiments: *P < 0.05; **P < 0.01; ***P < 0.001. Bar, 10 lm.
Tight junction assembly also can be monitored by immunostaining for the TJ protein ZO-1 after Ca 2+ switch. At 4 h after Ca 2+ switch, when ZO-1 was localized to cell-cell contact sites in control MDCK cells, discontinuous staining of ZO-1 at cell-cell contact sites was observed in Gai3-depleted cells (Fig. 6B) , confirming that depletion of Gai3 leads to a significant delay in TJ development. The delayed localization of ZO-1 at cell-cell contact sites is consistent with the previous observation by Sasaki et al. (2015) , although they did not monitor TER development in Gai3-knockdown cells. In Gai2-depleted cells, ZO-1 was correctly distributed at 4 h after Ca 2+ switch, similar to control cells (Fig. 6B) . Thus, depletion of Gai2 marginally affected ZO-1 distribution, whereas TER development was more profoundly delayed in Gai2-knockdown cells than in Gai3-depleted cells (Fig. 6A) .
We next confirmed that Gai-promoted TJ assembly is independent of cell division. As shown in Fig. 6C , TER was normally developed in control cells and the development was effectively blocked in Gai2/Gai3-depleted cells irrespective of the presence of 2 mM thymidine, which significantly inhibits mitosis of MDCK cells and mitosis-dependent cell polarization . In addition, depletion of Gai2/Gai3 prevented TER development even in the presence of 10 lM S-trityl-L-cysteine (STLC), an Eg5-specific inhibitor that causes mitotic arrest (Iwakiri et al. 2013) (Fig. 6C) . Thus, Gai-promoted TJ biogenesis in the monolayer culture appears to occur in a manner independent of cell division.
Ric-8A promotes cortical localization of Gai, apical membrane development and TJ assembly
To study the role of Ric-8A in TJ assembly, we performed a Ca 2+ switch assay using RNAi-mediated Ric-8A-knockdown MDCK cells, in which expression of Gai3, LGN and AGS3 was not affected (Fig. 4A) . Upon repletion of Ca 2+ , Ric-8A-depleted cells developed TER much more slowly than control cells (Fig. 7A) . Thus, Ric-8A likely promotes epithelial cell polarization and functional TJ assembly.
Consistent with the delay in TER development, the correct distribution of ZO-1 was also retarded by depletion of Ric-8A (Fig. 7B,C) . Furthermore, the apical protein gp135 was less recruited to the apical domain of the plasma membrane in Ric-8A-depleted cells (Fig. 7B) . Instead, in contrast to control cells, a part of gp135 was present as vesicles/vacuoles in the cytoplasm of Ric-8A-depleted cells even at 4 h after Ca 2+ switch (Fig. 7B, arrowheads) . The gp135-containing vesicles/vacuoles likely correspond to vacuolar apical compartments (VACs), which arise in depolarized MDCK cells, and synchronous cell-cell adhesion Genes to Cells (2017) 22, 293-309 (induced by the addition of Ca 2+ ) causes exocytosis of VACs to the cell-cell contact surface, leading to apical membrane development (Vega-Salas et al. 1987 Cohen & M€ usch 2003; Horikoshi et al. 2009 ). Thus, the present finding of accumulation of apical vesicles/vacuoles in Ric-8A-depleted cells suggests that Ric-8A is involved in apical delivery during epithelial cell polarization. Furthermore, consistent with a recent report showing that Gai3 associates with VACs (Sasaki et al. 2015) , a part of Gai3 colocalized with gp135 in the cytoplasm of depolarized MDCK cells (Fig. 7B, arrowheads) ; however, in fully polarized cells, Gai3 was absent from the cytoplasm, but distributed at the lateral and apical plasma membrane (Fig. 7C, x-z) . Although depletion of Ric-8A did not affect the protein level of Gai3 (Fig. 4A) , it led to a decreased membrane localization of Gai3 and a delayed disappearance of Gai3-associated apical vesicles/vacuoles (Fig. 7B,C) , suggesting that Ric-8A promotes apical compartment delivery during cell polarization in concert with Gai.
Careful examination of morphological changes in Ric-8A-depleted cells after Ca 2+ switch showed that Ric-8A-depleted MDCK cells established their luminal domain not at the apex but as intercellular lumen between neighboring cells (Fig. 7B,C, arrows) . Interestingly, these lateral lumens were enriched in not only the apical marker gp135 but also Gai3 (Fig. 7C , Genes to Cells (2017) 22, 293-309 arrows). The enrichment of Gai3 appears to agree with the fact that the lateral luminal domain is derived from apical vesicles/vacuoles, because Gai3 associates with apical vesicles/vacuoles in the cytoplasm, but is much less concentrated in the plasma membrane other than the lateral luminal domain. Thus, Ric-8A appears to also participate in apical development after recruitment of apical vesicles/vacuoles to the plasma membrane.
AGS3 and LGN are both involved in TJ development
We finally studied the role of the GoLoco motifcontaining proteins LGN and AGS3 in TJ assembly. As shown in Fig. 8A , depletion of LGN and AGS3 each led to a delayed development of TER after Ca 2+ switch, indicating that these proteins are both involved in cell polarization and functional TJ assembly. Furthermore, the TJ protein ZO-1 was more slowly distributed to correct sites in AGS3-depleted cells than in control cells (Fig. 8B) . In contrast to Ric-8A depletion, knockdown of AGS3 marginally affected membrane localization of Gai3 (Fig. 8B) , suggesting that AGS3 functions downstream of Gai3. However, treatment of MDCK cells with PTX did not affect TER development after Ca 2+ switch in the 2D monolayer culture (Fig. 8C) , suggesting that ADP-ribosylated Gai is still capable of promoting functional TJ assembly. This is consistent with the involvement of LGN/AGS3 in cell polarization for TJ assembly, because ADP-ribosylated Gai retains the ability to interact with LGN/AGS3, as described above.
Discussion
In the present study, we show that Ric-8A regulates mammalian epithelial cell polarity: Depletion of Ric-8A leads to a delay in TJ assembly (Fig. 7) and incorrect cystogenesis with inversion of cell polarity in cysts and formation of multilumen cysts (Fig. 4) . Normally, epithelial cells orient the mitotic spindle and cell division perpendicular to the apical-basal axis, and thus generate daughter cells, both aligning their apical-basal axis toward the central lumen (Overeem et al. 2015) . Apical lumen positioning during epithelial cystogenesis is controlled by the orientation of cell division, including mitotic spindle orientation. Similar to unpolarized cells (Woodard et al. 2010; Kiyomitsu & Cheeseman 2012 , spindle orientation in polarized epithelial cells is directly regulated via the Gai-LGN-NuMA complex ), but it is also controlled in polarized epithelial cells by several signaling proteins such as Cdc42 (Jaffe et al. 2008) , Cdc42 GEFs (Qin et al. 2010; Rodriguez-Fraticelli et al. 2010) , Par3 , aPKC (Qin et al. 2010 ) and the aPKCtransporting protein Morg1 ). Interestingly, aPKC, which forms a complex with Par3 and the Cdc42-binding protein Par6, is known to phosphorylate LGN in the Gai-LGN-NuMA complex to control mitotic spindle orientation in mammalian epithelial cells . However, the regulation of Gai in the ternary complex has been largely unknown. The present study shows that the Gai-activating protein Ric-8A regulates epithelial spindle orientation to control apical-basal polarity during cystogenesis (Fig. 5) .
Another mitosis-dependent regulation of epithelial cell polarization and cystogenesis is mediated by midbody (MB) positioning (Herszterg et al. 2014; Dionne et al. 2015) . During epithelial cell cytokinesis, the MB is formed at the subapical site of the lateral membrane, and the position of the MB and associated central spindle microtubules directs the trafficking of apical vesicles/vacuoles to this site, thereby expanding a single apical membrane domain and lumen at the center of the cyst. Hence, perturbation to MB positioning gives rise to the formation of ectopic apical lumens. Ric-8A as well as Gai and LGN is known to be accumulated at the midbody in unpolarized cells such as HeLa cells (Blumer et al. 2002; Cho & Kehrl 2007; Woodard et al. 2010; Boularan et al. 2014) . It is thus tempting to postulate that Ric-8A regulates MB positioning together with the Gai-LGN complex in polarized epithelial cells, which also contributes to Ric-8A-mediated control of epithelial cell polarity.
Cell division is not the sole mechanism to position the apical lumen. Mitosis-independent cell polarization and TJ assembly occur in the 2D culture system of confluent MDCK monolayers for the Ca 2+ switch assay. The present study showed that Ric-8A promotes the trafficking of Gai3-enriched apical vesicles/vacuoles to the plasma membrane for apical domain expansion and TJ assembly in a manner independent of cell division (Fig. 7) . The failure in this process results in the formation of intercellular lumens abundant in Gai3 and apical membrane proteins such as gp135. Taken together with the role in control of mitotic spindle orientation (Fig. 5) , Ric-8A regulates mammalian epithelial cell polarity via both mitosisdependent and mitosis-independent mechanisms. In contrast to regulation of mitotic spindle orientation by the Gai-LGN-NuMA complex, NuMA is not available in the mitosis-independent polarization control ( Fig. 8) , because NuMA is present exclusively in the nucleus during interphase. Because the Nterminal TPR domain of LGN/AGS3 is capable of binding to not only NuMA but also other adaptor proteins such as mInsc, Frmpd1 and Frmpd4 (Yuzawa et al. 2011) , these proteins might contribute to mitosis-independent epithelial cell polarization.
The molecular mechanism by which Ric-8A enhances the interaction of Gai-GDP with LGN/ AGS3 for cell polarization is presently unclear. In addition to the GEF activity, Ric-8A is able to increase the protein level of Gai by functioning as a biosynthetic chaperone for Ga folding (Gabay et al. 2011; Thomas et al. 2011; Chan et al. 2013) and by stabilizing Ga via blockade of polyubiquitination (Chishiki et al. 2013) . Although transient depletion of Ric-8A hardly affects the amount of Gai under the present experimental conditions (Fig. 4) , it is still possible that interaction with the chaperone Ric-8A might induce a conformational change in Gai-GDP, which is suitable for subsequent signal transduction. In addition, because Ric-8A is capable of acting on not only Gai but also the Gaq/11 and Ga12/13 subclasses (Hinrichs et al. 2012; Papasergi et al. 2015) , these subclasses might be also involved in Ric-8A-mediated control of epithelial cell polarization. However, it remains possible that an unidentified target of Gai-GTP, which is produced by the GEF activity of Ric-8A, might regulate epithelial cell polarization. It has recently been reported that Girdin, another nonreceptor-type Gai GEF, plays a crucial role in mammalian cell polarization together with Gai3 (Sasaki et al. 2015) . Although the division of roles between Girdin and Ric-8A is presently unknown, Gai is regulated in a more complicated manner than previously expected.
It is slightly surprising that ADP-ribosylated Gai can function in epithelial cell polarization (Figs 3,8) ; Genes to Cells (2017) 22, 293-309 this is because Ric-8A is incapable of activating ADP-ribosylated Gai (Woodard et al. 2010) , although ADP-ribosylated and unmodified Gai proteins similarly interact with GoLoco proteins including LGN (Fig. 3) . It seems possible that ADP-ribosylated Gai may be readily accessible to LGN/AGS3 even in the absence of Ric-8A, because ADP-ribosylated Gai possesses a relatively low affinity for Gbc (Casey et al. 1989) . Alternatively, instead of Ric-8A, other Gai GEFs such as Girdin might be able to act on ADP-ribosylated Gai.
The present study also shows that not only Gai3 but also Gai2 participates in epithelial cell polarization for cystogenesis (Fig. 1 ) and TJ development (Fig. 6) . The role of Gai2 in TJ assembly may be slightly different from that of Gai3, because TER development but not ZO-1 distribution is more severely impaired in Gai2-depleted cells, but the opposite occurs in Gai3-depleted cells (Fig. 6 ). It seems possible that Gai2 functions in TJ maturation rather than the initial phase of TJ assembly. The difference in the role between Gai2 and Gai3 might be due to their target molecules; for example, the GoLoco protein RGS14 is known to prefer Gai3 to Gai2 as a binding partner (Mittal & Linder 2004) .
Although LGN and AGS3 have the same domain architecture with the N-terminal TPR domain and the C-terminal GoLoco motifs, they may control epithelial cell polarization in a different manner. Mitosis-dependent cell polarization appears to be mainly mediated by LGN, but not by AGS3. It is well established that LGN forms an evolutionarily conserved complex with Gai-GDP and NuMA to correctly orient the mitotic spindle during metaphase in a variety of cells (Woodard et al. 2010; Kiyomitsu & Cheeseman 2012 , whereas AGS3 does not contribute to mitotic spindle orientation at least in some types of cell (Konno et al. 2008; Williams et al. 2011) . Furthermore, unlike LGN, AGS3 fails to localize to the MB (Blumer et al. 2002) , suggesting that AGS3 is not involved in MB-regulated cell polarization. However, it seems likely that AGS3 but not LGN plays a major role in mitosis-independent cell polarization, because LGN is primarily found in the nucleus during interphase, whereas AGS3 is excluded from the nucleus but distributed in the cytoplasm (Blumer et al. 2002) . In agreement with this proposal, compared with LGN knockdown, depletion of AGS3 strongly impairs mitosisindependent cell polarization and TJ assembly (Fig. 8) , but weakly prevents correct cyst morphogenesis (Fig. 2) .
Loss of epithelial cell polarity and subsequent tissue disorganization are frequently associated with cancer development (Feigin & Muthuswamy 2009) . It is thus possible that Ric-8A and its downstream molecules in cell polarity pathways may constitute a new class of tumor suppressors, disruption of which can initiate tumorigenesis. The possibility should be addressed in future studies.
Experimental procedures

Materials
Pertussis toxin (PTX) was purchased from Calbiochem; thymidine from Wako Pure Chemical Industries (Osaka, Japan); S-trityl-L-cysteine (STLC) from Sigma-Aldrich (St Louis, MO, USA); and Matrigel containing laminin, type IV collagen and entactin from BD Biosciences (San Jose, USA). The antigp135 (3F2) monoclonal antibody (Ojakian & Schwimmer 1988) was generously gifted from Dr G.K. Ojakian (SUNY Downstate Medical Center, Brooklyn, NY, USA). Anti-Gai2 rabbit polyclonal antibody (ab20392) was purchased from Abcam (Cambridge, UK), and referred to 'anti-pan Gai antibody' in the present study, because this antibody recognized Gai2, Gai1 and Gai3 with a similar efficiency (results not shown). Anti-LGN rabbit polyclonal antibody (ABT174) was purchased from EMD Millipore (Temecula, CA, USA), and referred to 'anti-LGN/AGS3 antibody' in the present study, because this antibody recognized LGN and AGS3 with a similar efficiency (results not shown). Anti-b-tubulin (TUB 2.1) mouse monoclonal antibody was purchased from SigmaAldrich; anti-Ric-8A rabbit polyclonal antibody (ab97808) from Abcam; anti-Glu-Glu (EE) mouse monoclonal antibody from Covance; anti-ZO-1 rat monoclonal antibody, anti-AGS3 rabbit polyclonal antibody (R-125) and anti-b-catenin rabbit polyclonal antibody (H-102) from Santa Cruz Biotechnology (Dallas, TX, USA); anti-NuMA rabbit polyclonal antibodies from CST; and anti-a-tubulin monoclonal antibody (YL1/2) and anti-Gai3 polyclonal antibody (06-270) from EMD Millipore.
The cDNAs encoding human Gai1, Gai2, LGN, AGS3, RGS12 and Ric-8A were prepared as previously described (Izaki et al. 2006; Chishiki et al. 2013; Kamakura et al. 2013) . The cDNA for human Gai3 was prepared by PCR using Human Multiple Tissue cDNA panels (BD Biosciences), and then, the cDNA region for amino acid residues 166-171 (NYIPTQ) in Gai3 was replaced with the DNA fragment encoding the peptide EYMPTE by PCR-mediated site-directed mutagenesis for expression of Gai3 protein with an internal EE-tag (Gai3-EE). The cDNA for Gai2-EE with the N150I substitution was also generated by PCR-mediated sitedirected mutagenesis using Gai2-EE as a template. The cDNAs were ligated into pGEX-6P (GE Healthcare, Pittsburg, PA, USA) for bacterial expression as GST fusion, and into pcDNA3 (Invitrogen, Carlsbad, CA, USA) for expression in mammalian cells. All of the constructs were sequenced for confirmation of their identities.
Cell culture and transfection with cDNA
Madin-Darby canine kidney (MDCK) II cells and macrophage-like RAW264.7 cells were cultured in Eagle's minimal essential medium (MEM) with 10% fetal calf serum (FCS) and Dulbecco's modified Eagle's medium (DMEM) with 10% FCS, respectively. Transfection of MDCK cells with cDNA was performed by Nucleofector (Lonza), and transfected cells were then cultured in MEM with 10% FCS.
GST pull-down assay GST-LGN-C (amino acids 480-645) and GST-RGS12-GoLoco (amino acids 1184-1228) were expressed in Escherichia coli and purified with glutathione-Sepharose 4B (GE Healthcare). RAW264.7 cells were treated with or without 0.1 lg/ mL of PTX for 15 h, and the lysates were incubated with GST-LGN-C or GST-RGS12-GoLoco. Proteins pulled down with glutathione-Sepharose beads were subjected to SDS-PAGE, followed by staining with Coomassie Brilliant Blue (CBB) or immunoblot analysis with the anti-Gai polyclonal antibodies.
Analysis of Gai2, Gai3 and their ADP-ribosylated derivatives
Cells were lysed with a lysis buffer (150 mM NaCl, 5 mM EDTA, 10% glycerol, 0.5% Triton X-100 and 50 mM TrisHCl, pH 7.5) containing 1 mM dithiothreitol and Complete TM protease inhibitor cocktail (Roche Applied Science, Indianapolis, IN, USA). To distinguish Gai2 and Gai3 (Allouche et al. 1999) or to distinguish ADP-ribosylated from unmodified Gai (Ribeiro-Neto & Rodbell 1989; Wise et al. 1997) , proteins in cell lysates were resolved by SDS-PAGE using 10% (w/v) acrylamide gels containing 6 M urea, and subsequently transferred to PVDF membrane (Millipore) in a buffer (20% methanol, 192 mM glycine, 25 mM Tris, pH 8.3) by using a Criterion Blotter (Bio-Rad, Hercules, CA, USA), followed by immunoblot with anti-Gai antibodies. The blots were developed using ImmunoStar LD (Wako) or ImmunoStar Zeta (Wako) for visualization of the antibodies.
Knockdown with siRNA
As double-strand small-interfering RNAs targeting Gai2, Gai3, LGN, AGS3 and Ric-8A, the sequences on the sense strand of 25-nucleotide modified synthetic RNAs (Stealth TM RNAi; Invitrogen) used were as follows: Gai2-siRNA-1, 5 0 -GGGCAAUCUGCAGAUUGACUUUGAU-3 0 ; Gai2-siRN A-2, 5 0 -CAGCCAGCUACAUCCAGAGUAAGUU-3 0 ; Gai3-siRNA-1, 5 0 -GACAGCAUUUGUAACAACAAAUGGU-3 0 ; Gai3-siRNA-2, 5 0 -GGAGUGACAGCAAUUAUCUUCUG 
Calcium switch assay
The calcium switch assay was performed as previously described . Briefly, MDCKII cells (7.5 9 10 5 ) were seeded on a 35-mm glass bottom dish (Matsunami Glass) and grown in MEM with 10% FCS containing 1.8 mM calcium (the normal calcium medium), for the formation of confluent monolayers. The monolayer cells were cultured for 24 h in the low calcium medium containing 2.1 lM calcium (S-MEM; Invitrogen) supplemented with dialyzed 5% FCS. The calcium switch assay was initiated by incubation of the cells in the normal calcium medium. For the measurement of transepithelial electrical resistance (TER) (Matter & Balda 2003) , MDCKII cells (5 9 10 6 ) were seeded on a 12-mm Transwell filter (0.4 lm pore size; Corning Costar). For analysis of the effect of PTX, cells were cultured for 28 h in the normal calcium medium with the indicated concentrations of PTX, followed by incubation for 20 h in the low calcium medium with or without PTX. After the addition of calcium, the change in TER was monitored with a Millicel-ERS (EMD Millipore). TER values were calculated by subtracting the blank value from an empty filter and were expressed in ohm cm 2 .
Immunofluorescence microscopy
Immunofluorescence microscopy was performed as previously described . For staining of Gai3, gp135 and b-catenin, MDCKII cells were fixed for 10 min in 1.9% formaldehyde and permeabilized for 30 min with 0.1% Triton X-100 in phosphate-buffered saline (PBS; 137 mM NaCl, 2.7 mM KCl, 8.1 mM Na 2 HPO 4 and 1.5 mM KH 2 PO 4 , pH 7.4) containing 3% bovine serum albumin (BSA). For 3D culture, MDCKII cells were trypsinized to a single-cell suspension of 1.6 9 10 4 cells/mL in 5% Matrigel, containing laminin, type IV collagen and entactin (Corning), and 250 lL of the suspension was plated in an eight-well cover glass chamber (Iwaki) precoated with 40 lL of Matrigel, according to the method of Martin-Belmonte et al. (2007) . For staining of gp135, b-catenin and EE-tagged proteins, MDCKII cells plated in Matrigel were fixed for 30 min in 4% paraformaldehyde and subsequently permeabilized for 1 h in PBS Genes to Cells (2017) 22, 293-309 containing 0.5% Triton X-100 and 3% BSA. For staining of NuMA and a-tubulin, MDCKII cells in Matrigel were fixed for 2 min in 100% methanol at À20°C and then for 30 min in 4% paraformaldehyde, followed by blocking for 2 h with PBS containing 3% BSA. Indirect immunofluorescence analysis was performed using the following secondary antibodies: Alexa Fluor 405-labeled anti-mouse IgG antibodies, Alexa Fluor 488-labeled goat anti-rabbit or anti-mouse IgG antibodies (Invitrogen), Alexa Fluor 546-labeled goat anti-mouse IgG antibodies (Invitrogen) and Alexa Fluor 594-labeled goat antirat IgG antibodies or Alexa Fluor 633-labeled goat anti-rat IgG antibodies (Invitrogen). Nuclei were stained with Hoechst 33342 (Invitrogen). Confocal images were captured at room temperature on the confocal microscope LSM700 or LSM780 (Carl Zeiss, Oberkochen, Germany) and analyzed using ZEN (Carl Zeiss, Inc.) and Fiji/ImageJ (version 2.0; NIH). The microscopes were equipped with a Plan-Apochromat 639/1.4 NA oil-immersion objective lens or a C-Apochromat 409/ 1.2 NA W Corr water-immersion objective lens. For the analysis of cyst morphogenesis of MDCKII cells, more than 75 cysts were tested: A normal cyst had a single lumen surrounded by cells that exhibit both intense gp135 staining at the apical surface and b-catenin staining at the surface facing the ECM; however, a cyst with gp135 at the surface facing the ECM was designated as with inverted orientation, and a cyst containing more than two lumens with intense gp135 staining was designated as with multiple lumens. To discriminate lumens from cytoplasmic gp135-rich vesicles/vacuoles, we defined a lumen as a gp135-rich structure that makes a contact with b-catenin-containing membranes.
Measurement of spindle angle
The measurement of spindle angle was performed as previously described . In brief, MDCK cysts grown for 48 h were fixed and stained with anti-NuMA, antia-tubulin and anti-gp135 antibodies. The acute angle between the spindle axis and the line perpendicular to the apical surface was measured by Fiji/ImageJ (version 2.0; NIH).
Statistical analysis
Statistical differences were determined as follows: Data for cystogenesis by cells transfected with siRNA were analyzed by two-tailed Student's or one-way ANOVA with Dunnett's multiple comparison of mean test, and data for the analysis of spindle orientation were analyzed by two-sided Wilcoxon rank-sum test.
